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calculationsAbstract This work deals with surface activity and corrosion inhibition efﬁciency of the natural
polymer chitosan and its hydrophobically modiﬁed derivatives (eight polymeric compounds).
Chitosan was found to be inactive at interfaces but the hydrophobic modiﬁcation using different
aliphatic and aromatic substituents renders the products surface active polymers. From the
obtained data it was found that the surface active properties increased by increasing the hydropho-
bic character of these polymers.
Chitosan and its based surfactants were investigated as corrosion inhibitors for carbon steel in
1 M HCl solution using the potentiodynamic polarization method. The resulted corrosion inhibi-
tion efﬁciency situated between 67.56% and 93.23% at 250 ppm and 25 C. The inhibition efﬁciency
was discussed on the light of surface active properties and the chemical structure of the used deriv-
atives. The quantum chemical calculations were performed for some chitosan derivatives. The
charge density distribution, highest occupied molecular orbital (HOMO), the lowest unoccupied
molecular orbital (LUMO), and dipole moment were considered.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license.1. Introduction
Iron containing alloys such as mild steel are well known mate-
rials extensively used in the industry. The reliable operation
and long life of equipments and pipeline systems are important
tasks for the development of an oil ﬁeld. The presence of cor-rosive components in transported ﬂuids may negatively affect
the metal and increase its susceptibility to localized corrosion.
For example, hydrocarbons together with the mineralized
water circulates or corrosive gases transported to the surface
as carbon dioxide, hydrogen sulﬁde, etc. are of the main fac-
tors of the corrosive destruction observed in steel equipment
and pipelines in the process of production, cleaning, transpor-
tation and processing of crude hydrocarbons [1]. The experi-
ence in the applications of anticorrosion materials and the
results of numerous studies show that using inhibitors remainsC-ND license.
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for protection in closed systems, especially in acidic media
[2,3].
The inhibitor adsorption mode is strictly affected by the
inhibitor structure.Most acid inhibitors are organic compounds
containing oxygen, nitrogen and/or sulphur that can be
adsorbed on the metallic surface blocking the active corrosion
sites. Although themost effective and efﬁcient organic inhibitors
are compounds that havep bonds, the biological toxicity of these
products is documented especially about their environmental
harmful characteristics [4]. From the standpoint of safety, the
development of non-toxic and effective inhibitors that can pro-
tect metals against corrosion without causing environmental
problems is considered more important and desirable.
Also, in view of increasing demand for special inhibitors, it
appears advisable to use secondary raw materials (process
wastes, by-products, still bottoms, etc.) for their manufacture.
It is quite reasonable to expect that the use of secondary raw
materials for the manufacture of corrosion inhibitors not only
should exert a signiﬁcant inﬂuence on progress inmanybranches
of the industry, but alsowill allow considerable process advance-
ment, eliminatingmany consuming operations reducing thus the
production cost in addition to their advantages from the envi-
ronmental standpoint [5]. Most organic inhibitors are com-
pounds containing polar groups by which the molecule can
become strongly adsorbed on the metal surface. In this respect
the N-containing amine group compounds are of interest.
Chitin, a polysaccharide acetyl amine, is a natural polysac-
charide found particularly in the exoskeletons of crustaceans
such as crabs and shrimps. Chitosan (ch) is the N-deacetylated
and the more useful polymer. Their main advantages are
occurrence in large amounts in nature.
These organic compounds have wide applications in many
industrial branches. When chitosan was dissolved in an aque-
ous medium at pH <6.5, this biopolymer becomes a linear
poly-base electrolyte having a highly positive charge density.
Such a cationic property together with its biocompatibility
and biodegradability make it worthwhile to assess the useful-
ness of such biopolymers as environmentally green water-
based corrosion inhibitors [6].
Carboxymethyl chitosan (cmch) is rich in hydroxyl and car-
boxyl, so it is a good potential inhibitor but little has been
reported about its inhibition behavior [7]. cmch was further
modiﬁed hydrophobically using different aromatic and ali-
phatic moieties which were expected to render it surface active
material [8–11]. It is reported that the surface active materials
may give better corrosion inhibition efﬁciencies since they have
the tendency to orient themselves at the interfaces [12,13].
The aim of this study is to investigate the surface activity,
electrochemical behavior and the inhibition of chitosan, car-
boxymethyl chitosan and their hydrophobically modiﬁed
derivatives on the mild steel surface in 1 M HCl solution, using
electrochemical measurements.
2. Experimental part
2.1. Materials
Chitosan was extracted according to Abdou et al. [14]. Its
degree of deacetylation (DDA) was 85%, as determined by
potentiometric titration. Its molecular weight was 2122 kDa,as determined from the intrinsic viscosity. Mono-chloroacetic
acid, aldehydes and sodium borohydride were purchased from
Sigma or Aldrich, other reagents were of analytical grade and
used without further puriﬁcation.
2.2. Preparation of carboxymethyl chitosan
Carboxymethyl chitosan was prepared according to Mioa
et al. [15] and Chen et al. [16]. Chitosan was suspended in
NaOH solution and isopropyl alcohol for 24 h under stirring
and cooling. Monochloroacetic acid was dissolved in isopropyl
alcohol and added drop wise through 30 min under stirring for
6 h. Afterward, the pH was adjusted to 7.0. Then the resulting
solution was precipitated by pouring into acetone. The white
precipitate was thoroughly rinsed with methanol, vacuum
dried at 50 C and stored in a desiccator.
2.3. Hydrophobic modiﬁcation ‘‘Schiff-base formation followed
by reduction’’
Chitosan, 1 g, was dissolved in 2% acetic acid, 100 ml then the
aldehyde was added. The reaction mixture was further stirred
at room temperature for 6–8 h to ensure Schiff base formation
which was marked by changing the appearance of solution
from being clear at the beginning to milky-white with the pro-
gress of reaction. Sodium borohydride NaBH4 (0.2 meq.) was
added to the reaction mixture in one portion and stirring con-
tinued at room temperature for 12 h after which the milky
appearance disappeared and a clear solution resulted. The
product was precipitated in acetone giving ﬁbrous solid which
was ﬁltered and washed several times with alcohol and acetone
to give a ﬁbrous white product.
The aldehydes used in this study are Benzaldehyde
(C7H6O), chlorobenzaldehyde (C7H5ClO), Anisaldehyde
(C8H8O2), Butyraldehyde (CH3 (CH2)2CHO) and Octanalde-
hyde (CH3 (CH2)6CHO).
2.4. Preparation of hydrophobically modiﬁed carboxymethyl
chitosan
The products of previous step were used to prepare the car-
boxymethyl derivative following the same procedure used for
the preparation of CMCH.
2.5. Preparation of Thio-derivative of carboxymethyl chitosan
Thio-derivative used in this work has been prepared according
to reference [17]. Brieﬂy, acetonitrile was added to dry ammo-
nium thiocyanate (NH4SCN) at 0 C and then octyl chloride
was added drop wise. The reaction medium was stirred at
0 C for 1 h to give yellowish white product which was then ﬁl-
tered. The ﬁltrate was added to carboxymethyl chitosan with
stirring for 24 h., then was ﬁltered and washed with acetonitrile
and diethyl ether and dried at 60 C.
2.6. Surface activity of the prepared chitosan derivatives [18]
2.6.1. Surface tension measurements (c)
The surface tension of the prepared derivatives was measured
for different concentrations of each one using a Lecomte De
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Germany. About 40 ml of each sample was used for measuring
the surface tension. Double distilled water was used for prepar-
ing different concentrations of the investigated surfactants.
The surface tension of the double distilled water was measured
at the same temperature as a reference.
2.6.2. Critical micelle concentration (CMC)
Micelles of surfactants are formed in bulk aqueous solution
above a given concentration for each surfactant and this concen-
tration is known as the critical micelle concentration (CMC).
Determination of CMC for the prepared surfactants has
been done using an adoptedmethod [19]. In thismethod, the sur-
face tension (c) of the surfactant solutionwas plotted against the
surfactant concentration. The CMC values were determined
from the abrupt change in the slope of (c) versus (C) plots.
2.6.3. Effectiveness of surface tension reduction (pcmc)
The surface tension (c) values at CMC were used to calculate
values of surface pressure (effectiveness) from the following
equation [20,21].
pcmc ¼ co  ccmc ð1Þ
where, co is the surface tension measured for pure water at the
appropriate temperature and ccmc is the surface tension at
CMC.
2.6.4. Surface excess concentration (Cmax)
The surface excess (Cmax) can be calculated from Gibbs
equation:
Cmax ¼ ½1=RT½dc=dCT ð2Þ
where (C) is called surface excess concentration of surfactant
(mol/cm3), R is the universal gas constant (R= 8.314 J/
mol K), T is the temperature in K, c is the surface or interfacial
tension (mN/m) and C is the concentration of surfactant, mol/
L [22].
2.6.5. Minimum surface area per molecule (Amin)
The average area occupied by each adsorbed molecule at inter-
face is given by:
Amin ¼ 1016½CmaxNA ð3Þ
where, Amin is the surface area per molecule of solute in square
nanometers (nm2), C is the surface excess in mol/m2 and NA is
Avogadro’s number (6.023 · 1023 molecules/mol) [23].
2.6.6. Gibbs free energy of micellization (DGmic)
The information on the free energy of micellization has been
obtained indirectly through the CMC [24]. The standard free
energy of micellization DGmic may be calculated by choosing
the following expression for the standard initial state of the
non micellar surfactant species as a hypothetical state at unit
mole fraction X, with the individual ions or molecules behav-
ing as at inﬁnite dilution, and for the standard state, the
micelle itself.
DGmic ¼ RT Ln CMC ð4Þ
where, R=Gas Constant = 8.314 J/mol K, T=Absolute
Temperature (K).2.6.7. Gibbs free energy of adsorption (DGads)
Thermodynamics of surfactant adsorption at interface is an
important parameter to deal with. Gibbs free energy of adsorp-
tion DGads was calculated from the following equation [25,26].
DGads ¼ DGmic  ½0:6022 pCMC  Amin: ð5Þ2.7. Corrosion inhibition
2.7.1. Preparation of working electrode
The working API X65steelpipeline electrode specimens were
cut from a cylindrical rod to a length of 5 cm and covered
by Teﬂon leaving only 0.5 cm2 of the surface area exposed to
solution. The electrical conductivity was provided by a copper
wire [24]. The chemical composition of working electrode
(wt.%) was: 0.07% C, 0.24% Si, 1.35% Mn, 0.017% P,
0.005% S, 0.16% Cr, 0.18% Ni, 0.12% Mo, 0.01% Cu and
the remainder Fe. Before measurements, the surface of work-
ing electrode was mechanically abraded using different grades
of emery papers, which ended with 1000 grade. The disc was
cleaned by washing with bi-distilled water, thoroughly
degreased with acetone, washed once more with bi-distilled
water and ﬁnally dried with a ﬁlter paper. For each test, a
newly abraded electrode was used.
2.7.2. Electrochemical behavior
The electrochemical behavior and the corrosion inhibition efﬁ-
ciency of all the prepared samples were investigated at different
concentrations of each derivative; 50–250 ppm. Electrochemi-
cal measurements were carried out using a laboratory poten-
tiostat (Wenking, LB 81 M, Germany). The glass
electrochemical cell was similar to that described by Greene
[27]. A platinum electrode was used as auxiliary electrode
(1 cm2 surface area). All potentials were measured against a
saturated calomel electrode (SCE) as a reference electrode.
The polarization curves were obtained in the potential range
from 850 to 350 mV(SCE) with 2 mV s1 scan rate. The
corrosion inhibition efﬁciency of chitosan and its derivatives
I.E.% was calculated using equation [6]:
I:E:% ¼ ðio  iÞ=io  100 ð6Þ
where i is the current density in A cm–2 for solutions with
inhibitor, while io is the value for solutions without inhibitor.
2.7.3. Quantum chemical study
Molecular structures of the QASs had been fully geometrically
optimized by ab initio method (3–21G** basis set) with Hyper-
chem 7.5, the quantum chemical indices such as the charge
density distribution, the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital (LUMO),
the energy gap DE ¼ EHOMO  ELUMO and the dipole moment
(u) were considered.
3. Results and discussion
3.1. Preparations and characterization
The structure of the prepared polymers has been conﬁrmed
using FT-IR spectroscopy. The spectrum of chitosan shows
its typical spectrum, as shown in Fig. 1, with the characteristic
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tin), a broad peak at 3424 cm1 for the NH2 and OH groups
and a band at 2918 cm1 for the CH2 stretching vibration
14.
CMCH spectrum shows multiple bands at high frequency at
3433, 3183, 2919 and 2841 cm1corresponding to the stretch-
ing vibrations of the OH, NH2, CH and CH2 groups. A sharp
peak appears at 1602 cm1 with a shoulder at 1723 cm1 for
the carbonyl and carboxyl groups respectively.
For the hydrophobically modiﬁed cmch, the ﬁnal product
was achieved after carrying out two steps. The ﬁrst is the
hydrophobic modiﬁcation of chitosan through the reaction
of chitosan with aldehydes with different chain lengths. The
elemental analysis was used to conﬁrm the progress of this
step; chitosan and some selected products were chosen as rep-
resentative examples:
Chitosan (C%= 40.10, N%= 7.04 and C/N = 5.64), Ch-
benz (C%= 48.85, N%= 6.17 and C/N = 7.92), Ch-but,
(C%= 47.63, N%= 5.98 and C/N = 7.96), Ch-aniz
(C%= 50.86, N%= 5.28 and C/N = 9.63) and Ch-oct
(C%= 56.01and N% not available). The common feature is
the increase of the C% and the C/N ratios.
The second step is the carboxymethylation, giving the
substituted cmch. The FT-IR spectroscopy was used to con-
ﬁrm this step. The common feature of the spectrum is the
intensiﬁcation of the band at around 3400 cm1 and that at
the stretching vibration of the carbonyl group at around
1600–1500 cm1 due to the introduction of the CH2COOH
group.
The preparation of the thio-cmch derivative of cmch was
carried out by reacting cmch with octyl iso-thiocyanate accord-
ing to the procedure in the experimental part. The reaction was
conﬁrmed using The FT-IR spectroscopy as shown in Fig. 2.
The band at 3433 cm1 is due to the OH and NH stretching
vibration. The pronounced bands at 2931 cm-1 are due to
many CH2 and CH3. The characteristic band 2063 cm
1 is
due to the tautomeric form N= C= S. The band at
1742 cm1 is due to several carbonyl groups present in the
compound. Amid II present at 1540 cm1 and 1432 cm1 is
due to the C = S group.
The chemical structure and abbreviations of the used deriv-
atives are shown in Scheme 1.Figure 1 FT-IR spec3.2. Surface activity of chitosan derivatives
It is well established that chitosan is inactive at interfaces.
Chitosan has almost constant values of surface tension indicat-
ing that chitosan molecules are excluded from the air/solution
interface because chitosan molecule has no large hydrophobic
groups that may be adsorbed on the air/solution interface
[28,29].
Since chitosan is inactive at the air/solution interface, car-
boxymethyl chitosan was tried as a better surface active agent
and its surface tension was measured as a function of concen-
tration as shown in Fig. 3. The same ﬁgure shows also the sur-
face tension curves of the hydrophobically modiﬁed derivatives
while Table 1 represents their calculated surface active
parameters.
Carboxymethyl chitosan, a water-soluble anionic polymeric
compound, was found to decrease the surface tension of water
by 7 units (pcmc = 7) indicating its low surface activity. This
low surface activity may be due to the absence of long hydro-
phobic groups on chitosan structure. A dramatic decrease in
surface tension was achieved after hydrophobic modiﬁcations,
the resulting chitosan derivatives were found to decrease the
surface tension of water by values up to 40 units at around
CMC= 0.002 g/ml which is much higher in efﬁciencies than
cmch. These results demonstrate that the introduction of
hydrophobic substituent made the resulting derivatives
become amphiphilic polymers which can concentrate on the
surface with their hydrophobic chains pointing to the air and
the hydrophilic backbone on the surface, leading to reduction
of the surface tension. The reduction of the surface tension is
in the following order:
cmch < cmch-chloro < cmch-benz < cmch-aniz < cmch-but
< cmch-oct
From this trend it can be concluded that as the hydropho-
bic character increased the surface tension decreased which
means more surface activity [30].
Also, from the curve it can be observed that the decrease of
surface tension is slow and there are no clear transition points
on the surface tension concentration curve. The reason may betrum of chitosan.
Figure 2 FT-IR spectrum of thio-cmch.
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Figure 3 Surface tension-concentration curves of chitosan derivatives.
Table 1 Surface active parameters of chitosan derivatives.
Material CMC, gmL1 ccmc, mN/m pCMC, mN/m Cmax, ·1010 mol/cm2 Amin ·102, nm2 DGmic, kJ/mol DGads, kJ/mol
cmch. 2.4 · 103 62 10 2.23 0.744 14.95 15.39
cmch-chloro. 2.0 · 103 58 14 2.49 0.666 15.40 15.95
cmch-benz. 1.6 · 103 54 18 5.07 0.328 15.95 16.31
cmch-aniz. 1.2 · 103 50 22 5.43 0.306 16.66 17.07
cmch-but. 8 · 104 45 27 10.00 0.166 17.67 17.93
Thio-cmch. 6 · 104 37 35 9.71 0.171 18.38 18.74
cmch-oct. 3 · 104 33 39 7.37 0.225 20.10 20.62
ch-oct. 2 · 104 31 41 9.81 0.169 21.10 21.52
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chains of different molecules can associate to form aggregates
in the solution while they still concentrate on the surface before
the surface tension gets to the lowest value. Sui et al. [8] found
the same phenomena on other amphiphilic chitosan derivative
and they conﬁrmed that aggregates can form at very low con-
centration while the surface tension decreases.
For relatively longer hydrophobic chains (cmch-oct), the
structure tend to be true surface active polymer with well
deﬁned hydrophobic and hydrophilic portions and the curve
shows the classical form of the surface tension–concentration
curve.
Fig. 3 also shows the surface tension- concentration curves
of thio-cmch, cmch-oct and chit-oct. using the same hydropho-
bic chain (8 Carbon atoms) but with different links to the
chitosan backbone. The reduction of the surface tension was
in the following order:
thio-cmch < cmch-oct < chit-oct
This trend can be explained on the basis that the chit-oct
derivative has more hydrophobic character leading to the
reduction of the surface tension slightly higher than the car-
boxymethyl derivative. In addition, the structure of chit-oct
is considered as a non-ionic surfactant that usually has more
surface activity. Otherwise the presence of carboxylic groups
in the rather structure and the presence of C‚O and C‚S
in thio-cmch increases their water solubility (due to the
increase in the hydrophilic character) which hamper the orien-
tation at the interface let it to cause a smaller depression in the
surface tension.
3.3. Surface active parameters of chitosan derivatives
The data of surface active parameters are represented in
Table 1 from which it is obvious that increasing the length
of the hydrophobic part enhances generally the surface activity
of these polymers.
Effectiveness of the surface tension reduction (pCMC) is
ranging from 10 (for the unmodiﬁed cmch) to 41 for ch-oct
(which has the highest hydrophobic character among the pre-
pared derivatives). The critical micelle concentrations (CMC)
are relatively low. From the correlation between CMC values
and their effectiveness values PCMC, it can be concluded that
this compound is so effective at very low concentrations and
this can be attributed to the polymeric nature of these
compounds.
The negative values of Gibbs free energy of adsorption and
micellization indicated that these processes are spontaneous.
In addition, the values of DGads and DGmic are close to each
other with slight more negativity of DGads indicating that the
adsorption of the prepared surfactants at interfaces is slightly
preferable but the adsorption and micellization can be associ-
ated at the same time.
3.4. Potentiodynamic polarization measurements
The corrosion inhibition efﬁciency of chitosan and the pre-
pared derivatives was measured using the polarization tech-
nique and the results are summarized in Table 2. To evaluate
the effect of various concentrations of the prepared chitosan
derivatives on the electrochemical behavior of carbon steel in1 M hydrochloric acid solution, cathodic and anodic polariza-
tion curves were carried out with the aid of potentiostat. Fig. 4
shows the polarization curves of all the prepared derivatives at
250 ppm as a representative example. From the polarization
curves, it is clear that the prepared derivatives act as anodic
type inhibitors i.e. promoting the retardation of anodic disso-
lution of carbon steel. The decrease of the current density with
increasing the concentration of the inhibitors with respect to
the blank (inhibitor free solution) conﬁrms that these com-
pounds act as inhibitors. The percentage inhibition efﬁciency
(Ei%) was calculated using the equation: I.E.%= io  i/
io · 100 (where i is the current density in A cm–2 for solutions
with inhibitor, while i0 is the value for solutions without inhib-
itor) for each derivatives using different concentrations from
50 to 250 ppm. Lower current densities (Icorr.) were observed
with increasing the concentration of the inhibitor with respect
to the blank, inhibitor free solution. This behavior conﬁrms
the increase in the energy barrier of carbon steel dissolution
process [31,32] and the increase of the relative ability of a
material to resist corrosion [33].
The value of inhibition efﬁciency was increased with
increasing the inhibitor concentration, Table 2, indicating that
a higher surface coverage was obtained in 1 M HCl with the
increase of inhibitor concentration [34].
Fig. 5a, the polarization curves of cmch-oct at various con-
centrations as a representative example, shows the effect of
concentrations on the behavior of the obtained polarization
curves while Fig. 5b summarized the effect of inhibitor concen-
tration on the inhibition efﬁciency I.E.% for all the prepared
derivatives.
3.5. Effect of chemical structure and surface activity on the
corrosion inhibition efﬁciency
The transition of the metal/solution interface from a state of
active dissolution to passive state is of great interest. Surfac-
tant molecules act at the metal/solution interface to reduce sig-
niﬁcantly the corrosion rate. This is attributed to the high
adsorption ability and the large coverage area of the surfactant
molecules on the metal surface through the self orientation of
surfactant forming a strong protective ﬁlm. The rate of adsorp-
tion is usually rapid and hence the reactive metal is shielded
from the aqueous environment.
Chitosan has inhibition efﬁciency values ranging from
54.86% at 50 ppm to 67.56% at 250 ppm and decreases the
corrosion rate from 15.02 mm/Y in inhibitor free solution to
4.876 mm/Y at 250 ppm. Although it is inactive at interfaces,
chitosan efﬁciency as a corrosion inhibitor can be attributed
to its chemical structure; it contains free amino and hydroxyl
groups that can be adsorb and interact with iron containing
alloys providing a protection layer.
Carboxymethyl chitosan gives higher inhibition efﬁciency
than chitosan, up to 75.10% at 250 ppm. It also decreases
the corrosion rate from 15.02 mm/Y, for the blank, to
3.672 mm/Y at 250 ppm. The chemical structure of cmch is
enriched with carboxylic groups in addition to the native
amino groups which enhances the interaction of cmch with
the metal surface.
Hydrophobic modiﬁcation of cmch was found to increase
the surface activity (as discussed before). The inhibition
efﬁciency of all the prepared polymers was in the following
Table 2 Corrosion inhibition efﬁciency of mild steel in 1 M HCl using various concentrations of chitosan and its derivatives.
Material Inhibitor conc. ppm Ecorr Icorr, mA ba (mV dec1) bc (mV dec1) I.E., % Corrosion, mm/Year
Blank 0 530 1.285 259.3 294.1 0 15.02
ch 50 520 0.58 126.9 95.2 54.86 6.78
100 510 0.50 154.9 79.5 61.09 5.84
150 509 0.45 123.5 111 64.67 5.31
200 508 0.44 259.3 121 65.79 5.13
250 500 0.42 151.2 110 67.56 4.88
cmch 50 508 0.5 131.1 98.3 61.09 5.84
100 507 0.45 253.5 58 64.98 5.34
150 504 0.43 182.8 68 66.54 5.08
200 490 0.35 191.1 110 72.764 4.09
250 480 0.32 207.5 124 75.10 3.67
cmch-chloro 50 490 0.47 123 139.8 63.42 5.47
100 480 0.42 152 173.0 67.32 4.88
150 478 0.39 110.3 151.2 70.04 4.51
200 475 0.35 124 165.9 72.76 4.09
250 468 0.33 140 158.1 74.32 3.86
cmch-benz 50 510 0.45 123 141.0 64.98 5.34
100 509 0.39 132 93.5 70.04 4.51
150 508 0.34 145 58.5 73.70 3.96
200 504 0.32 187 67.9 75.33 3.71
250 490 0.30 125 87.5 76.65 3.49
cmch-anis 50 520 0.43 205 124.1 66.54 5.08
100 515 0.40 185 98.5 68.87 4.68
150 509 0.36 154 78.8 71.98 4.28
200 507 0.33 142 110 74.63 3.81
250 506 0.30 135 98.5 76.73 3.50
cmch-but 50 490 0.42 112 151.1 67.32 4.88
100 489 0.37 125 89.5 71.21 4.28
150 487 0.28 158 98.5 77.90 3.32
200 488 0.24 120 78.5 81.32 2.81
250 482 0.22 184 76.1 82.88 2.64
ch-oct 50 505 0.34 210 141.0 73.54 3.96
100 504 0.26 245 93.5 79.77 3.04
150 503 0.24 132 58.5 81.01 2.85
200 498 0.20 185 67.9 84.44 2.30
250 487 0.19 175 87.5 85.21 2.22
cmch-oct 50 490 0.33 168 121 74.55 3.83
100 489 0.30 152 95.2 76.73 3.50
150 488 0.24 143 79.5 81.25 2.81
200 485 0.18 124 111 85.68 2.15
250 470 0.15 114 121 88.33 1.71
thio-cmch 50 511 0.26 128 110 79.77 3.04
100 509 0.19 125 98 85.60 2.22
150 505 0.15 135 87.5 88.33 1.71
200 504 0.11 147 111.2 91.44 1.29
250 488 0.09 184 112.3 93.23 1.01
Corrosion inhibition efﬁciency of chitosan surfactants 355order: Ch < cmch < cmch-chloro < cmch-benz < cmch-
Aniz < cmch-but < ch-oct < cmch-oct < thio-cmch while
that of surface activity was: cmch < cmch-chloro < cmch-
benz < cmch-Aniz < cmch-but < thio-cmch < cmch-oct <
ch-oct.
There is a greet agreement between the surface activity and
the corrosion inhibition efﬁciency results for the hydropho-
bically modiﬁed cmch derivatives; cmch, cmch-chloro, cmch-
benz, cmch-aniz, cmch-but and cmch-oct. This agreement is
not found for thio-cmch, cmch-oct and ch-oct.Cmch-chloro contains chloro-substituted aromatic ring
which increases the hydrophobic character but still has stiff
moieties that retard the chain orientation. Cmch-benz gives
better efﬁciency due to the absence of the undesirable proper-
ties of chlorine atoms. Cmch-aniz has methoxy groups that
enhance the hydrophobic character. Cmch-but has short ali-
phatic branch that makes it a smooth structure with better ori-
entation and coverage at the metal surface. Cmch-oct has
longer chain that covers larger area of the metal surface.
Although it has higher surface activity, ch-oct gives slightly
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Figure 4 Polarization curves of chitosan and its derivatives.
356 A.M. Alsabagh et al.lower efﬁciency than its cmch derivative and this may due to
the absence of the carboxy methyl group which plays a role
in the structure orientation on the metal surface. Thio-cmch
gives higher efﬁciency since it contains more active centers
for adsorption. It can be said that molecules with the same ali-
phatic chain length but different function groups give different
efﬁciencies.
From these results, it can be concluded that the surface
activity is not the single factor that determines the corrosion
inhibition efﬁciency. Other factors such as the presence of
active adsorption centers are of great importance and have
to be taken into consideration.
3.6. Quantum chemical calculations
It is known that organic inhibitors establish their inhibition via
the adsorption of the inhibitor molecules onto the metal sur-face. The adsorption process is inﬂuenced by the chemical
structures of organic compounds, the distribution of charge
in molecule and the nature and surface charge of metal [35].
To investigate the relationship between molecular structure
of the prepared derivatives and their inhibition effect, quantum
chemical calculations were performed for cmch-but, cmch-oct,
ch-oct and thio-cmch as representative examples. Geometric
structures and electronic properties were calculated by ab ini-
tio method with 3–21G** basis set. The optimized molecular
structures of the High Occupied Molecular Orbital (HOMO)
and the Low Unoccupied Molecular Orbital (LUMO) are
shown in Fig. 6. Charge density distribution and the calculated
quantum chemical indices EHOMO, ELUMO, DEHOMO-LUMO
and dipole moment are given in Table 3.
The energy of the HOMO is often associated with the
capacity of a molecule to donate electrons. It has been
reported that the higher the HOMO energy, the greater the
Figure 5 (a) Polarization curves of cmch-oct at various concentrations as a representative example. (b) Effect of inhibitor concentrations
on the corrosion inhibition efﬁciency of chitosan and its derivatives.
Corrosion inhibition efﬁciency of chitosan surfactants 357trend of offering electrons to unoccupied d orbital of the metal
and thus the higher the corrosion inhibition efﬁciency. In addi-
tion, the lower the LUMO energy, the easier is the acceptance
of electrons from the metal surface. The HOMO–LUMO gap,
i.e. the difference in energy between the EHOMO and ELUMO, is
an important stability index [36]. The low values of the energy
gap, DE, will render good inhibition efﬁciencies because the
energy needed to remove an electron from the last occupied
orbital will be low [37]. Regarding DE values it was found that
the minimum value obtained by thio-cmch has the best inhibi-
tion efﬁciency.
Low values of the dipole moment will favor the accumula-
tion of the inhibitor on the metallic surface. The lowest value
of dipole moment was also obtained from thio-cmch which
exhibits the maximum inhibition efﬁciency [38]. Regarding
the charge density distribution, it can also be found that
thio-cmch has the highest charges.
The values of logP (substituent constant) by quantum
chemical methods are also a beneﬁcial parameter. Substituentconstants are empirical quantities, which account for the vari-
ation of the structure and do not depend on the parent struc-
ture but vary with the substituent [39]. According to Eddy and
Ebenso [40], logP accounts for the hydrophobicity of an actual
molecule. From the results obtained in Tables 4, it can be con-
cluded that the inhibition efﬁciency for all investigated inhibi-
tors increases with decreasing logP value. Because the logP
value depends on the molecule hydrophobicity, the inhibitors
contain a large number of ethylene oxide units (thio-cmch)
having the ability to form a protective ﬁlm by physical adsorp-
tion between oxygen atoms in ethylene oxide units and the
metal surface [40]. Accordingly, as logP decreases the solubil-
ity of the inhibitors decreases, thus, the ability of inhibitors to
form strong ﬁlm on the metal surface decreases, accordingly, a
minimum inhibition efﬁciency was obtained.
The number of transferred electrons (DN) was also calcu-
lated according to Eq. (7) [41,42].
DN ¼ ðXFe  XinhÞ=½2ðgFe  ginhÞ ð7Þ
Figure 6 HOMO–LUMO geometry of representative models.
Table 4 Other calculated quantum chemical parameters of
the investigated inhibitors.
Inhibitor Log P Dipole moment The number
of transferred
electrons, DN
Cmch-but 3.80 11.860 0.135
Ch-oct 2.15 9.628 0.177
Cmch-oct 1.14 8.987 0.219
Thio-cmch 1.01 5.267 0.247
Table 3 Calculated quantum chemical parameters and the Charge distribution of the studied inhibitors.
Compound EHOMO,(eV) ELUMO,
(eV)
DE HOMO–LOMO
(eV)
Charge density distribution Ei%
at 250 ppm
–NH O-inside O-ether link CH2–O OH inside Others
Cmch-but 31.16 35.08 66.24 0.325 0.356 0.286 0.529 1.60 C‚O 0.442
OH 0.204
82.88
Ch-oct 22.49 25.56 48.05 0.344 0.426 0.233 0.547 1.718 85.21
Cmch-oct 19.45 25.17 47.71 0.385 0.556 0.186 0.591 1.822 C‚O 0.442
OH 0.204
88.33
Thio-cmch 16.26 20.39 36.65 0.476 0.652 0.175 0.640 1.960 C‚O 0.490
OH 0.372
C‚S 0.260
NH 0.117
C‚O 0.017
93.23
358 A.M. Alsabagh et al.where XFe and Xinh denote the absolute electronegativity of
iron and the inhibitor molecule, respectively; gFe and ginh
denote the absolute hardness of iron and the inhibitor mole-
cule, respectively. These quantities are related to electron afﬁn-
ity (A) and ionization potential.
X ¼ ðIþ AÞ=2
g ¼ ðI AÞ=2 ð8ÞI and A are related in turn to EHOMO and ELUMO
I ¼ EHOMO
A ¼ ELUMO
ð9Þ
Values of X and g were calculated by using the values of I and
A obtained from quantum chemical calculation. The theoreti-
cal values of XFe and gFe are 7 and 0 eV/mol, respectively
[41]. The fraction of electrons transferred from inhibitor to
the iron molecule (DN) was calculated. According to other
reports [41,42], the value of DN showed inhibition effect
resulted from electron donation.
4. Conclusion
Chitosan is inactive at the interfaces while carboxymethyl
chitosan was found to have a little surface activity. Carboxy-
methyl chitosan was further modiﬁed by introducing a hydro-
phobic moiety to become surface-active polymers. The
resulting amphiphilic polymer further decreases the surface
Corrosion inhibition efﬁciency of chitosan surfactants 359tension. Seven different hydrophobic substitutions were used
to modify chitosan and carboxymethyl chitosan. As the length
of the hydrophobic portion increases, the surface activity
increases. The decrease of surface tension for short hydropho-
bic length is slow and there are no clear transition points on
the surface tension- concentration curve, however, for rela-
tively longer hydrophobic portion, the curve tends to have
the classical surface tension-concentration shape curve. These
unique properties make chitosan and its derivatives environ-
mentally green, water-based corrosion inhibitors. The sur-
face-active materials can give better corrosion inhibition
efﬁciencies since they have the tendency to orient themselves
at the interface. The carboxymethyl chitosan thio-derivatives
achieved maximum corrosion inhibition of 97% due to its
more active sites and its high surface activity. A close agree-
ment between the surface activity and the corrosion inhibition
efﬁciency was found.
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